This paper reports the development of a robotic system designed for automatic deburring applications. Since a good model of the environment is difficult to obtain, namely on industrial applications, a simple strategy was designed to obtain the relevant parameters leading to an acceptable performance. Consequently, the system implements an indirect force control strategy as a way to use actual robot controllers, explore the computing power of external personal computers, and the advanced features of modern force-torque sensors. The proposed strategy is presented in some detail and further discussed using a few test-case experiments.
I. INTRODUCTION
In many industrial robotic applications, force control [1] [2] [3] [4] [5] [6] [7] is an important issue in order to guarantee certain process requisites and the quality of the final product [10] . In this framework, the majority of the robot tasks require contact with the surrounding environment, i.e., in the process of fulfilling the task the robot tool interacts physically with the working objects and surfaces. That interaction generates contact forces that should be controlled in a way to finish the task correctly, not damaging the robot tools and working objects. Those contact forces depend on the stiffness of the tool and working objects/surfaces and should be properly controlled. The option for a particular control technique depends on identifying if [1, 7] :
1) The contact forces should be controlled to achieve task success, but is sufficient to keep them inside some safety domain: Passive Force Control.
2) The contact forces should be controlled because they contribute directly to the success of the task: Active Force Control [1, 7] .
In the first case, contact forces are an undesirable effect of the task and it is generally sufficient to keep them inside some safety domain. They are not necessary for the task, so usually the strategy is adding flexibility to the end-effector with the objective of damping all the possible impacts and increase the tolerance to positioning errors, complemented with detailed and careful planning of flying trajectories and object approach. There are many solutions in the market to add flexibility to the end-effector, and in fact this is currently the standard approach in industry.
In the second case, the contact forces are necessary to finish the task correctly, i.e., controlling the contact forces making them assume some particular value or more generally to follow a predefined force profile is part of the task.
II. OBJECTIVES
The main objective of this paper is to report the development of an indirect force control strategy designed to operate with industrial robotic deburring applications. More specifically, the system reported here is developed to debur high-quality knives that incorporate innovative design from well-known authors (fashion designers). Therefore, these products are very difficult to manufacture and have quality requirements incompatible with human-based deburring, since humans introduce too many unacceptable deviations as a consequence of their incapacity to maintain concentration for long periods of time.
Consequently, to test and further develop the proposed strategy (section III) a set of experiments, clearly related with the planned final application, were designed and executed. The selected experiments are very simple:
1) The robot is commanded to follow a line path between two selected points.
2) An obstacle is placed somewhere in the path.
3) The robot should detect and contour the object applying a user selected contact force normal to the object surface. Contact should be always maintained under a contact force set by the user, until it reaches the original path again and keeps moving toward the original endpoint. The coordinates of the contact points should be kept in every experiment and they should correspond to the object contour. The experimental setup used to perform these experiments is composed of: 1) One industrial robot ABB IRB2400/S4C+/M2000. 2) One personal computer running Microsoft Windows Xp. 3) One JR3 force/torque sensor with accelerometers equipped with a PCI receiver and processing board installed on the PC PCI bus. 4) One especially designed sensing tool attached to the force/torque sensor and to the robot wrist. 5) A local area network (LAN), Ethernet and TCP/IP based, used for robot-PC communication. The network is isolated from the laboratory traffic using a properly programmed highspeed (100 Mbps) network switch.
III. FORCE CONTROL STRATEGY
A collision between the sensing tool and an object can be easily detected just by monitoring the actual force readings. The actual force components obtained from the sensor should correspond to the components of the object normal reaction force and are used to calculate the robot deviation trajectory In theory, the vector obtained by this process should be tangent to the object contour, but due to the surface rugosity, friction forces, and noise, the so called normal force obtained from the sensor might deviate from the contact surface normal and consequentially the escape vector might not be tangent to the object contour surface. To overcome this problem, a correction process was implemented. This process consists in adding to the calculated deviation vector a component with the direction of the projection of the actual force on the trajectory plane, which will be called from now on, correction
The vectors considered to define the deviation trajectory are ( The idea is to add a component towards the object when the force reading is lower than the desired contact force, or add a component that points away from the object when the force reading is higher. The problem then consists on finding the correct intensity of the correction vector, in order to obtain a corrected deviation vector that is consistent with the contact settings. In the following, the intensity of the correction vector will be referred to as correction factor (cf).
The definition of the correction factor is based on three user selected parameters:
• Desired contact force (F contact ): this value specifies the desired contact force during the contour motion. The software designed for the presented application forces the user to select a value in the 5.0 -20.0 N range.
• Force on collision detection (F collision ): this value specifies the force threshold used to identify collisions. This parameter is necessary in order to account for inertial forces detected by the sensor due to acceleration and deceleration of the robot, avoiding in this way false collision detections. The software designed for the presented application forces the user to select a value in the 0.25 -1.0 N range.
• Maximum correction factor (Mcf): this value specifies the maximum allowed correction factor.
The three above defined parameters are then used to compute the correction factor using the following linear function, The obtained function can be adjusted by the user using the developed operation software.
In the case presented in Fig. 4 , a contact force above 10 N would result in a positive correction factor, leading to a correcting vector component pointing away from the object. Similarly, for a contact force less than 10 N the correction factor would be negative resulting on a correcting vector component pointing to the object in order to increase contact force. It is also important to adjust the initial value of cf offset . This can be done automatically just by comparing the actual force (from the sensor) and the user defined contact force. In fact, if the absolute value of the difference between the actual force reading and the user defined contact force exceeds a certain user pre-defined value from the contact detection force for a certain number of cycles, then a sample of the force signal is collected and the mean value is calculated. Subsequently, a new offset is defined by Equation 4 so that the mean value obtained matches the user established contact force.
( ) Figure 6 ). The software is based on two software components: an ActiveX control named PCROB.NET2003 [8, 9] and a C++ library (JR3PCI.lib) [11, 12] . The application was developed using the Microsoft Visual Studio .NET 2003 programming suite, namely the C++ compiler. As already mentioned, the user interface allows the selection of the following parameters:
• Contact force • Linear, Quadratic, Cubic speed defining function: in the developed software the robot speed was made a function of the correction factor. The objective is to have greater speeds whenever small or no corrections are necessary and lower speeds when using large correction factors. Selecting between one of the three presented choices defines the type of function that represents speed between the minimum and maximum speed.
There are several parameters that might influence the software behavior when the robot is following a certain path. In order to test the software and the adopted force control strategy, a few experiments were executed to further evaluate the influence of the chosen parameters. The first parameter tested was the robot speed, and the second was displacement step value (delta). The procedure was:
1) The starting and end points were defined belonging to the same horizontal plane. 2) A square table was placed on the robot path, oriented approximately at an angle of 45º from the initial trajectory. This object was selected due to its rigidity and weight and also to test the behavior of the system in the presence of sharp edges.
3) A contact force of 10.0 N was defined; the collision detection force was set to 0.3 N and to the maximum correction factor was given a value of 0.15.
4)
The robot was ordered to move following a linear path between the two previous defined points, using a path step (delta) of 0.1 mm. 5) Keeping the above mentioned parameters constant, three different constant speeds were tested: 0.1 mm/s, 1 mm/s and 2 mm/s. 6) For the speed exhibiting the best results, three different path step (delta) displacements were then tested: 0.3 mm, 0.5 mm and 0.8 mm.
7)
The data for the tool center point (TCP) position, contact point (CP) position, tool speed, measured force, and all the user defined parameters is saved into a file during each experiment. Contact points are calculated during execution using the TCP positions read from the robot controller and the dimensions of the sensing tool.
V. RESULTS AND DISCUSSION
The obtained results are presented next using a graphical representation that shows:
1) The xy plane according with the robot global coordinate system.
2) The robot path using the TCP positions.
3) The robot path using the computed CP positions.
4)
The obtained force profile during the experiment. Two force  peaks are visible: when the tool collided with the table, and  when the tool moved around the table corner. A good force tracking is observed, with actual force values maintained between 9 and 11 N. It is also interesting to observe that the calculated contact points form a precise representation of the object contour. The table corner caused a dispersion of points around that region with large variations of the force value (Fig. 9) . This dispersion results from the uncertainty on the resultant force orientation associated with the tool motion. The growing friction near the corner of the table is significant, and the obtained force reading deviates from the expected normal force, which causes a significant error on the contact point position. The results for this experiment (Fig. 11) are similar to the ones obtained for the speed of 1mm/s, with the exception of a bigger force peak obtained when contact occurred.
Path step (delta) experiments:
In accordance with the previous results, a robot speed of 0.1 mm/s was selected for the path step (delta) tests. Fig. 12, 13 and 14 show the results obtained for steps equal to 0.3 mm, 0.5 mm and 0.8 mm, respectively. The results show that the desired force is obtained, although the amplitude of the oscillations changes with the increase of the step, being considerable for a step of 0.8 mm. Nevertheless, the contact force is maintained and in the first two cases the actual force values are kept between 9 and 11 N. This paper reports the development of an indirect force control strategy designed for industrial applications. With those approaches, the position of the robot is accommodated in accordance with the desired contact force and the observed actual force. Since a good model of the environment is difficult to obtain, namely on industrial applications, a simple strategy was designed to obtain the relevant parameters leading to an acceptable performance. Experiments show a usable setup for contour following which is very useful to obtain the work-piece profile. A good selection of the path step seems to be, as expected, one of the most important variables to achieve good results: the smaller the increment over the trajectory the more regular is the resulting force profile. Low speeds also seem to lead to better results. The objective of the presented setup is to find the better compromise for a particular industrial application, achieving acceptable operational cycle times. Sharp edges are geometric singularities difficult to overcome. According to the data collected so far, and with the observations made, possibly some mechanical improvements could be made to the sensing element in order to achieve better performance on sudden geometric variations. The diameter of the sensing element should be reduced and it should be mounted on a low friction bearing aligned with the trajectory plane's defining vector. The objective of these modifications would be to reduce friction forces and uncertainty on the direction of the force obtained from the sensor. The strategy implemented to maintain contact with the object and keep contact force at a certain level seems to result over surfaces with a smooth and large radius continuity, although there are significant force variations on impact with objects (which is not important since impacts can be planned), especially at the higher speeds, and even more significant near object edges. The desired contact force is also a parameter that should be tested. In the presented experiments, a contact force of 10 N was selected and oscillations of 1 N were observed around this value. In an industrial environment, more exposed to noise and vibrations, a higher contact force may be required. On the other hand the increase of the contact force also increases the flexion of the sensing tool what brings more uncertainty to the calculated contact point. Large force oscillations imply more uncertainty of the obtained work-piece contour. Like in any industrial process selected parameters are the ones that show acceptable results at higher execution speeds. The obtained results are encouraging and the ability to perform contour recognition under a specified contact force can be very useful with the automatic deburring system being developed. In fact, this feature enables the system to acquire the exact contour of the working piece in the exact same conditions that will be used for the subsequent deburring task. This will contribute to minimize error and increase the process speed. 
